Since 2006 an underground laboratory is in operation in Unirea salt mine from Slanic Prahova Romania. A new rotatable detector for measurements of the directional variation of the muon flux has been designed and will be put in operation at the end of 2013. The detector will be used to investigate the possible presence of unknown cavities in the salt ore. Preliminary muon flux measurements performed in the underground of Slanic Prahova salt mine show an important variation of the flux with the thickness of the rock but indicate also that more precise data are necessary. Based on that, a modern detector using 4 layers of plastic scintillators bars has been designed. The detector is installed on a rotatable and mobile frame which allows precise directional measurements of the muon flux on different locations in the mine. In order to investigate the performances of the detector, detailed Monte Carlo simulations have been performed using several codes available on the market. The simulations show that the detector can be used for measurements of the differential flux of cosmic ray muons and for the detection of hidden cavities in the ore.
Introduction
During the last decade, a number of events implying collapsed cavities have been observed all over the world [1, 2] . These events illustrate the major risk represented by the presence of unknown cavities in different ores, especially on areas with historical mining activity. Starting from this problem waiting to be solved, an underground muon detector was built and will be put in operation in Slanic Prahova salt mine.
Since the detection of hidden cavities is very important and actual especially for the locations with mining activity, a number of methods based on different techniques are available in the market. Those methods are based on ultrasounds (US), X-ray, or even gamma ray detection. Several companies (e.g., http://www.socon.info/) over the world are presently performing this kind of measurements on request, but the results are affected by secondary effects and experimental uncertainties. The ultrasounds could affect the stability of the rocks, and the gamma and X-rays could produce important changes in the radioactive background of the investigated area. Another problem of these methods is represented by the relative high cost of the detectors and of the services.
Difficulties regarding the environmental problems are also influencing the prices and the feasibility of the methods.
We propose an innovative and 100% safe method to detect the hidden cavities based on the measurements of the muons from the secondary cosmic radiation, which is the most important source of natural radiation.
The Cosmic Rays.
From 1912, when Victor Hess has discovered the cosmic rays [3] , until the present days, an important advance was made in this field of research. Shaded for a period of time by the parallel development of particle accelerators, an increasing interest is granted lately to cosmic rays, largely due to the higher energetic possibilities and a much lower cost of the infrastructure. The particle accelerators make it possible to obtain and investigate particles of very high energy [4] , but that is still very far from the energies observed in the cosmic rays spectrum (up to 10 20 eV) [5] . The primary cosmic rays consist of protons (90%), He nuclei (7%), and other nuclei (3%). The energy spectrum covers more than 21 orders of magnitude. The measurements of the spectrum of the primary cosmic rays could be performed by direct measurements only for energies <10 14 eV. For higher energy, up to 10 20 eV, where 2 Advances in High Energy Physics the flux is lower than 1 particle/km 2 century, the spectrum could be measured only by indirect experiments that cover large areas at the surface of the Earth [6] [7] [8] [9] . There are a few open problems addressed by the researchers regarding the cosmic rays, such as the investigation of the hadronic interaction models at high energies [10] , where no data from the accelerators are available, or the origin of cosmic ray particles that are still far from a clear solution. Many simulation codes and computational models are available on the market [11] [12] [13] , making possible detailed calculations for different processes at high and low energies.
The Muons.
Interacting with the atmosphere of the Earth, cosmic rays break into numerous components, also named the secondary cosmic radiation, generating Extended air showers that propagate until they reach the ground. Excepting the photons and neutrinos, muons are the most abundant component of the secondary cosmic radiation at the sea level. As leptons, muons are less affected by hadronic interactions, also they show reduced electromagnetic interactions and hence interact weakly with matter. They penetrate large thicknesses of matter before they are stopped and decay, and they are historically known asp enetrating componentsöf secondary cosmic rays, even detectable in deep underground sites. At sea level the inclusive flux is about 120 muonss −1 ⋅ m −2 ⋅ sr −1 and comprises about 80% of the total atmospheric flux of secondary charged cosmic ray particles. Consequently much more information could be given by muons than on any other component, such as information on high energy processes in the atmosphere or on the primary radiation, in particular on its spectrum and composition. It is evident that the flux of atmospheric muons is a quantity of high interest and information which characterizes the site of a nuclear physics laboratory which is planned for far-reaching investigations. Another reason for measuring the flux of the atmospheric muons in the underground arises from the practical necessity of information on the cosmic radiation background for different sites, for experiments like [14, 15] , and so forth.
In the near past, the idea to use to use muons for the detection of hidden cavities has been used in the search for hidden chambers in ancient pyramids from Giza [16] or the Aztec Pyramid of the Sun at Teotihuacan [17] . Since these experiments reported interesting results, one can conclude that the cosmic ray muons could be used for the purpose of this project with high expectation. In the present days, some attempts to use muons for geophysical application have been done [18] , but no device for the detection of hidden cavities is available in the market. We propose to fill this empty position and will bring a new and modern solution for the security of people over the world. The method will be further extended for new application as geophysical data or speleology.
The idea of using cosmic ray muons to improve the quality of life has great potential but is underestimated and largely unexplored. During the last years some preliminary results have been obtained in IFIN-HH for measurements of the muon flux in underground of Unirea mine, at sea level, and at ground level at different elevations.
In this paper we report about the design and construction of an underground muon detector that could be used to detect unknown cavities in different areas with mining activity. Detailed Monte Carlo simulation using MUSIC [19] and CORSIKA [11] codes has been used in order to establish the performances of this new device. The simulations are controlled by muon flux measurements performed with the mobile muon detector of IFIN-HH [20, 21] .
Measurements of the Muon Flux in the Underground
Measurements of the cosmic ray muon flux have been performed in the underground of Slanic Prahova salt mine using the mobile detector of IFIN-HH. The detector has been designed for underground and ground level measurements of the total muon intensity. Preliminary muon flux measurements have been performed using the mobile detector of IFIN-HH [20, 21] . The detector consists of 2 modules each one having 4 scintillator plates of 25 × 100 × 10 cm covering a surface of 1 m 2 . The system is mounted on a van which allows a large mobility on ground level or in the underground. The signal from the each PMT is read out independently. Further, the four signals from each plate are ored, and then the results from both modules are put in coincidence. Directional measurements combining 2 plates from both modules could be performed in order to see the angular variation of the flux. Due to the large angular acceptance, no precise directional variation of the muon flux is possible.
The angular acceptance of the detector was determined by Monte Carlo simulation using GEANT4 [22] and CORSIKA [11] codes. A correction factor of 1.56 should be applied to the raw data in the case of the detector mounted on the van and 1.11 in the case of the plates placed one on top of each other.
The Slanic Prahova Salt
Ore. The salt ore from Slanic Prahova consists of a lens of 500 m thickness, few kilometers long and wide (see Figure 1 ). The salt is extracted from the Slanic mine continuously since ancient times, and due to this fact, many galleries (i.e., shaped caverns) are already excavated.
Presently few mines are well known in Slanic Prahova salt ore. Some of them are used for touristic activities (Unirea and Mihai), one of them (Cantacuzino) is still used to extract salt, and others (Victoria and Carol) are closed for security reasons. Some other ancient cavities close to the surface are used also for touristic activities. The existing cavities will be used to calibrate the detector in the underground.
Since 2006 a modern underground laboratory ( Bqlab) [23, 24] for low background measurements was developed by IFIN-HH in the Unirea mine from Slanic Prahova. The location of the laboratory is indicated in Figure 1 . During 2012 the laboratory has been upgraded and new scientific infrastructures have been achieved. One of them is represented by a new rotatable mobile detector for measurements of the directional variation of the muon flux. Physics   3   140  120  100  80  60  40  20  0  20  40  60  80  100   S   120  140  160  180  200  220  240  260  280  300  320  340  360  380  400  420  440 , and distance between walls: 32-36 m, existing infrastructure: electricity, roads, railway, elevator, phone, Internet, and GSM networks (also inside the galleries). Slanic Prahova is also the Romanian proposal for LAGUNA-LBNO [14] experiment which is intent to build a huge detector with an active volume around 100.000 m 3 . From the Slanic site a huge volume of material has been already excavated, but the shallow depth could induce a problem. Following [14] , for the GLACIER [25] experiment, the Slanic mine could be a feasible location as for this technique a depth of only 600 mwe is necessary, comparable with the one of Unirea mine.
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Preliminary Muon Flux Measurements.
The muon flux has been measured in Unirea, Mihai, and Cantacuzino mines at different levels, and some of the results was previously reported in [20, 21] . New measurements in the main and in a small cavity of Mihai mine have been performed. The results are presented in Table 1 . The theoretical depth of each mine has been determined taking in to account the presence of a standard rock hill above the entrance in the mine. The real depth has been obtained considering the geometrical characteristics of each cavity. Unfortunately, due to the nonuniform shape of the cavities, the results need to be corrected and will be estimated based on directional variation of the muon flux. The results are compared with Monte Carlo simulations based on MUSIC code [19] .
From Table 1 one can observe that the muon flux is quite sensitive to the variation of the rock thickness. Unfortunately, the direction of the muons and the location of different caverns are not easy to be determined. For more precise measurements, it is mandatory to have a detector which allows to establish the direction of the incoming muon and which permits to establish the presence and the location of possible unknown cavities.
The New Rotatable Detector
In order to perform precise measurements of the directional variation of the muon flux, a new detector was designed and constructed; the measurements are planned to start at the Autumn of 2013. The detector consists in 160 plastic scintillator bars type UPS 923A of 26 × 1000 × 100 mm (see Figure 2 ) produced by AMCRYS Ltd. Ukraine [26] . Each one has a stripe right on the middle where an optical fiber will transfer the optical pulse to the PMT [27] .
The scintillator bars are mounted in 4 boxes (40 pcs in each box) and the signal from each one is transferred to one of the two micro-PMTs of type R11265-112-M64 [28] (see Figure 3 ) mounted on each box (see Figure 4) . The 4 boxes are mounted 2 by 2 at top of each other and orientated in cross. Then each group of 2 is separated by the other one by a distance of 0.8 m, and the entire system is placed on a rotatable and mobile frame (see Figure 5 ). The direction of each incident muon is determined using the and positions given by the signals from each scintillator bar from both layers of 2. The information from PMT is read out by modular electronic devices produced by CAEN [29] and National Instruments [30] . The detector permits directional measurements of the muon flux up to 45 ∘ zenith angle. We estimate that for the Slanic Prahova salt ore a realistic time of data acquisition will be from 2 to 3 days for a zenith angle from 0 to 10 ∘ up to 3 months for 45 ∘ .
Simulation of the Detector's Performances
For the studies regarding the detector performances, detailed Monte Carlo simulation is necessary. The directional variation of the muon flux in the underground should be accurately simulated in order to investigate the detector response. For this task, several options represented by computational codes are available. Some of them (e.g., GEANT4 [31] or FLUKA [32, 33] ) can give more precise results but request a longer running time. Instead, the MUSIC code could give realistic results in a shorter time. MUon SImulation Code (MUSIC) [19] is a computational model for 3-dimensional simulations of the muon propagation through rock. It takes into account energy losses of muons by pair production, inelastic scattering, bremsstrahlung, ionization and the angular deflection by multiple scattering. The program uses the standard CERN library routines and random number generators. The code has been originally designed for simulation of the muon flux at high depths (more than 500 m.w.e.). Since the necessity of the detection of hidden cavities requires an estimation of the muon flux at low depths, in this paper, the code has been modified in order to overlap its limits. For this task, it is important to know the muon flux at ground level. To estimate the muon flux at ground level, one can choose from several options represented by semianalytical formulas or detailed Monte Carlo simulation.
The muon flux is defined as the number of muons transversing a horizontal element of area per unit of time [5] :
There are several empirical approximations describing the fluxes by analytical expressions like power-law distributions (see Grieder [5] ). Recent approaches by Gaisser [34] display explicitly the dependence on primary energy but with complicated mathematical procedures and valid only for muon energies above 10 GeV. This holds also for the simplification given in Gaisser's Book [35] = 0.14
Advances in High Energy Physics used, for example, by Unger et al. [36] . In Figure 6 this formula is compared with the results of the Monte Carlo simulations, displaying the disagreement in particular at lower energies. The approach by Judge and Nash [37] uses as input the production spectra of parent pions and kaons and calculates the flux resulting from pion and kaon decay by
There , and are parameters accounting for the propagation of the particles in the atmosphere, and is the [40] and semianalytical formulae of Nash [37] and Gaisser [35, 39, 41, 42] .
azimuthal angle of the muons (0 ∘ for vertical). The parameters , are the normalizations of the pion and kaon production spectra. There are several other parameters entering the approximation: the absorption lengths of the primary particle , of the pions , and kaons . There is clearly some influence on pion and kaon's production rate [38] , but in the present investigation, the values have been fixed along the original proposal [37] . Only the , values have been changed in order to adjust the calculated fluxes to the results of the Monte Carlo simulations (see [39] ) and to experimental data from the BESS experiment [40] .
The spectra of pions and kaons are given by the relation
where the factors and have the values = 0.373 and = 1. Semianalytical approaches are able to reproduce globally the results of Monte Carlo simulations and experimental data, and in particular the approach of Judge and Nash does account for muon energies <10 GeV. However, these approaches can be hardly modified in order to take into account also finer effect like the influence of the geomagnetic field. For that detailed Monte Carlo simulations have to be invoked.
The simulation tool COsmic Rays SImulation for KAS-CADE (CORSIKA) has been originally designed for the four-dimensional simulations of extensive air showers with primary energies around 10 15 eV. The particle transport includes the particle ranges defined by the life time of the particle and its cross-section with air. The density profile of the atmosphere is handled as continuous function thus not sampled in layers of constant density. Ionization losses, multiple scattering, and the deflection in the local magnetic field are considered. The decay of particles is simulated in exact kinematics, and the muon polarization is taken into account. In contrast to other air shower simulations tools CORSIKA offers alternatively six different models for the description of the high energy hadronic interaction and three different models for the description of the low energy hadronic interaction. The threshold between the high and low energy models is set by default to Lab = 80 GeV/n. Figure 6 shows the comparison between the muon flux simulated with CORSIKA compared with the one using semianalytical approaches of Nash and Gaisser and experimental data given by BESS experiment. From this picture one can see that the best solution for the muon flux at sea level is represented by CORSIKA simulation code.
In order to perform accurate simulation of the muon flux in the underground, CORSIKA results have been used as input data for MUSIC program and for its extension MUSUN [19] .
The directional variation of the muon flux in the underground has been simulated taking into account the angular acceptance of the new detector. The results obtained for the real and for the theoretical depths of Cantacuzino and Unirea mines are displayed in Figure 7 . One can observe that important variation of the differential flux for the real and theoretical depths is present. In Figure 8 the directional variation of the muon flux for Unirea, Cantacuzino, and Mihai mines is presented. The differences are significant and are caused by different depths.
The possibility do detect hidden cavities in the salt dome has been investigated using the MUSIC code. The requested measurement time for the detection of a 10 m gap starting from 50 m depth has been calculated taking into account the necessary statistics to obtain valid results. In Figure 9 the variation of the requested measurements time is represented. From this picture one can observe that for depths up to 1000 m the necessary time is not bigger than 250 hours (aprox. 10 days) which is more than reasonable for the purposes of this project.
Conclusions
A new detector has been developed which permit directional measurements of the muon flux. The muon flux measurements will be used to study the possibility to detect unknown 8 Advances in High Energy Physics cavities in the old mining sites (e.g., Slanic Prahova). Measurements could be performed on different sites from Europe using the mobile detector, but one should take into account that the for the biggest depths a much longer time is necessary.
A new version of MUSIC computational code has been developed and allows simulation of the muon flux for shallow depths. The code could be adapted for any site and rock composition from the world.
Such muon flux measurements could be also used for geological studies, for example, to explore variations in the rock density above the observation level. The mobility of the detector implies a considerable practical flexibility of using the procedure of measuring muon flux differences for various aspects.
